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Summary 
During embryonic development, neural crest cells give 
rise to many structures in peripheral tissues. Other 
neural tube cells are thought to contribute only to 
structures within the CNS. In contrast to this idea, we 
report a second wave of migration of cells away from 
the spinal cord occurring after the emigration of crest 
cells is complete. Neuroepithelial ceils from spinal 
cords in E5 chicken embryos migrate into the periph- 
ery and differentiate into neurons and satellite cells 
within sensory ganglia and into melanocytes in skin 
and feathers. These results show that some cell types 
previously considered to be the descendants exclu- 
sively of neural crest cells are also derived from neuro- 
epithelial cells in the spinal cord. 
The role of the environment in the differentiation of neu- 
ral crest cells is well documented (see recent review by 
Erickson and Perris, 1993) and has led to the hypothesis of 
a step-wise restriction of neural crest cell fate (Anderson, 
1989). Extrapolation of this hypothesis to the initial stages 
of differentiation implies that any uncommitted neuroepi- 
thelial cell within the neural tube might differentiate as a 
crest cell if it encounters an appropriate nvironment. This 
differentiation might be triggered simply by its emigration 
from the neural tube. Within the dorsal spinal cord, differ- 
entiation of cells occurs after neural crest cells have emi- 
grated (Altman and Bayer, 1984). Some of these cells 
might therefore retain the ability to differentiate with phe- 
notypes typical of crest cells. 
In this report, we describe a population of neuroepithelial 
cells that migrates away from the spinal cord through the 
developing dorsal roots. This migration occurs after neural 
crest cells have emigrated, but while many cells in the 
dorsal spinal cord are still undifferentiated. These cells 
develop phenotypes characteristic of neural crest cells, 
including neurons and gila in sensory ganglia and melano- 
cytes in dorsal skin. 
Introduction Results 
During embryonic development, neural crest cells migrate 
away from the neural tube. These cells form much of the 
peripheral nervous system and other nonneural structures 
(HSrstadius, 1950; Le Douarin, 1986). In chicken embryos, 
crest cells emigrate from the neural tube at trunk levels 
of the neuraxis between the embryonic day 2 (E2) and E3 
(stages 13-22; Weston and Butler, 1966; Bronner-Fraser, 
1986; Serbedzija et al., 1989; Oakley et al., 1994). Some 
of these cells aggregate in the anterior half of somites to 
form the spinal ganglia (HSrstadius, 1950). Several lines 
of experimental evidence show that the cells in these gan- 
glia, both neuronal and nonneuronal, develop from precur- 
sors originating in the neural tube (Weston, 1963; Le Dou- 
arin, 1986, 1993). Although there is convincing evidence 
that neural crest cells are the earliest precursors of cells 
in the dorsal root ganglia (DRG), the possibility that other 
precursor cells of neural tube origin might also contribute 
to the development of DRG has not been tested. 
The development of DRG continues after neural crest 
cells cease to emigrate from the neural tube. In chicken 
embryos, sensory neurons continue to increase in number 
until E7.5, and the generation of satellite and Schwann 
cells continues even later (Brizzee, 1949; Hamburger and 
Levi-Montalcini, 1949; Yates, 1961; Carr and Simpson, 
1978). Many dividing cells are seen within the ganglia after 
crest emigration has ceased (Pannese, 1974). The later 
increase in ganglion cell number has therefore been 
thought o be produced by continued division of crest cells 
within the ganglion; the contribution of other precursors 
to the development of the DRG is not usually considered. 
These authors contributed equally to this work. 
Migration of Labeled Spinal Cord Cells 
into Dorsal Root Ganglia 
The migration of cells away from the spinal cord was 
studied by labeling these cells with small amounts of 
1,1"diocta-decyl-3,3,3',3'-tetramethylindocarbocyanin per- 
chlorate (Dil) injected into the central canal. Injections 
were made at stages 25-26, after neural crest emigration 
was complete. Embryos were left inovo for various lengths 
of time to allow the labeled cells to migrate. Figure 1 illus- 
trates the results obtained from embryos fixed at 0, 8, 
12, and 18 hr after Dil injection; results from all these 
experiments are summarized in Table 1. 
In embryos fixed shortly after labeling (Figures 1A and 
1B), labeled cells were found throughout he mediolateral 
extent of the spinal cord, consistent with the pseudostrati- 
fled nature of the neuroepithelium at this stage. No labeled 
cells were seen outside the spinal cord. At 8 hr after dye 
injection, many labeled cells had migrated to the lateral 
margin of the spinal cord (Figures 1C and 1D), but all 
remained restricted within the spinal cord. Continued pres- 
ence of dye within the canal, however, labeled medial cells 
in these preparations as well. Labeled cells were first seen 
outside the spinal cord 12 hr after injection (Figures 1E- 
1H). Lateral to the spinal cord, these cells were located 
in the dorsal root (DR) immediately adjacent to the bundle 
of His and within the DRG. No longitudinal migration of 
cells was seen; the labeled cells always migrated into roots 
and ganglia at the same rostrocaudal evel as the labeled 
spinal cord. Over the next 6 hr, the number of labeled cells 
within the DRG continued to increase, so that by 18 hr, 
labeled cells were found in large numbers (more than 100 
cells) throughout he ganglia (Figures 11 and 1J). None of 
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Table 1. Dil Injections 
Dorsoventral Survival Time Cells in Cells in 
Stage at Injection Injection Level (hr) n DR DRG 
Embryos In Ovo 
25-26 all 0 3 
25-26 all 8 3 
26 all 12 6 
25-26 all 18-24 6 
Cultured Spinal Segments 
25-26 at DREZ 12 6 
25-26 at DREZ 24 3 
25-26 above DREZ 24 4 





+ indicates cell density as in Figures 1E, 1G, and 1H; fewer than 50 cells per DRG. 
++ indicates cell density as in Figure 11; more than 100 cells per DRG. 
a Only 1 of the 6 cases had labeled cells in this location. 
these cells had labeled axons, either within the DR or the 
DRG. 
These results show that 1-2 days after neural crest cells 
have emigrated from the neural tube, there is a second 
large exodus of cells from the spinal cord into sensory 
ganglia. Some labeled cells were seen in the DRs between 
the spinal cord and the DRG (Figures 1 E-1 H) but not else- 
where within the somite. This suggests that the DRs may 
be the migratory pathway for these cells into sensory gan- 
glia. More direct evidence for this suggestion will be pre- 
sented below. 
Transfer of Dil Label From Spinal Cord to DRG: 
Cell Migration versus Dye Diffusion 
In certain circumstances, Dil has been found to spread 
from one cell to another, resulting in labeling of a second- 
ary population of cells (Fritzsch and Wilm, 1990). If this 
were occurring in the present experiments, crest-derived 
sensory neurons within the DRG might be retrogradely 
labeled with Dil via their central axons, which project o the 
heavily labeled spinal cord. Several observations argue 
strongly against this interpretation. 
In one set of control embryos, Dil was injected into the 
central canal, as in experimental embryos, but the em- 
bryos were fixed after 6 hr to block cell migration. Dil was 
then allowed to diffuse in the fixed preparation for an addi- 
tional 24 hr at 39°C. This procedure did not label any cells 
in the DRG (Figures 2A and 2B), unlike in embryos fixed 
12 hr or more after Dil injection in ovo (see Figures 11 and 
1J). As a second control, sensory axons were labeled with 
Dil injected directly into the bundle of His. This procedure 
labeled sensory axons in the DR and both axons and so- 
mata in the DRG (Figures 2C and 2D). As mentioned ear- 
lier, in experimental embryos, no labeled axons were seen 
in either of these locations (see Figure 1). Results from 
both these control experiments indicate that in the experi- 
mental embryos, Dil was transferred to DRG by migration 
of cells from the spinal cord and not by retrograde diffusion 
in sensory axons. 
A completely different method of labeling also showed 
that spinal cord cells migrated into peripheral tissues after 
neural crest emigration was complete. Spinal cords from 
stage 24-26 quail embryos were transplanted into stage 
25-26 chicken embryo hosts and allowed to develop in 
ovo. When the DRs reattached to the transplanted spinal 
cord, quail cells appeared in the host DRG (see below). 
Location of Late-Migrating Cells Within 
the Spinal Cord 
Because spinal cord ceils migrating into sensory ganglia 
appear to be restricted to the DRs (see below), those neu- 
roepithelial cells that participate in this process might be 
restricted to the vicinity of the dorsal root entry zone 
(DREZ). This possibility was tested by labeling narrow 
bands of neuroepithelium along the dorsoventral axis of 
the spinal cord. The precision of labeling was markedly 
improved by injecting Dil into isolated spinal segments 
of stage 25-26 embryos (see Experimental Procedures). 
When the entire dorsoventral extent of the neuroepithe- 
lium was labeled in spinal segments, spinal cord cells mi- 
grated into attached DRG within 12-24 hr (Table 1), com- 
parable with the results obtained in ovo. Many labeled 
cells still appeared in the DRG when the label was confined 
primarily to the level of the DREZ (Figures 3C and 3D). 
Injections dorsal or ventral to this position, however, did 
not result in labeled cells outside the spinal cord (Figures 
3A, 3B, 3E, and 3F). The late-migrating spinal cord cells 
therefore originate from neuroepithelium atthe dorsoven- 
tral level of the DREZ. 
Pathway of Late-Migrating Cells into 
Sensory Ganglia 
Cultured spinal segments also provided information con- 
cerning the pathway taken by migrating spinal cord cells 
into sensory ganglia tn all of six segments cultured for 
12 hr, a few labeled cells had migrated into the DRs, but 
in only one of them had these cells reached the DRG (Table 
1) By 24 hr, however, labeled cells were seen in DRG 
in all three segments examined The relative paucity of 
Dil-labeled cells in DRs at any time, however, precluded 
a more definitive determination oftheir migratory pathway 
Moreover, the dye labeling faded at later times, so the 
developmental fate of these migrating cells could not be 
studied 
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Figure 1. Migration of DiI-Labeled Spinal Cord Cells to Sensory Ganglia In Ovo 
Spinal cord cells were labeled by injecting Dil into the central canal, and embryos were fixed at various times thereafter. 
(A and B) In embryos fixed shortly after injection, labeled cells were present throughout he mediolateral extent of the spinal cord but not outside 
it. 
(C and D) At 8 hr after injection, labeled somata had migrated to the lateral margin of the spinal cord (arrow in [C]) but had not yet exited from 
it. 
(E-H) Labeled cells were first seen outside the spinal cord at 12 hr. Migrating cells were found in DRs (arrowheads in [G] and [H]) and DRG 
(arrows in [E] and [G]). 
(I and J) At 18 hr after Dil injection, many labeled cells were present throughout he DRG. None had visible axons within either the DRG or DRs. 
Rectangles in phase contrast micrographs on the right indicate the region shown in the corresponding fluorescence micrographs to the left. 
Bars, 100 ~m (A, B, D, F H, and J); 50 ~.m (C, E, G, H, and I). 
Neuron 
146 
Figure 2. Transfer of Dil Label: Migration versus Diffusion 
Two sets of control embryos were examined in which cell migration was prevented by fixation after Dil injections. 
(A and B) Dil was injected into the central canal, and the embryo was fixed after 6 hr; it was then incubated for an additional 24 hr in fixative at 
39°C. No labeled cells were seen outside the spinal cord. Bar, 100 p.m. 
(C and D) Sensory neurons were labeled retrogradeiy by placing Dil onto their axons inthe bundle of His and allowing the dye to diffuse for 24 
hr in fixed tissue. The injection site was one segment rostral to the section shown. A distinct feature of this retrograde labeling of sensory neurons 
was the presence of labeled axons inthe DR and DRG (arrows). 
(B) and (D) show phase contrast of micrographs of the sections in (A) and (C), respectively. 
Chick-quail chimeric embryos provided a suitable alter- 
native for both purposes. Two to three segments of spinal 
cord were removed from stage 25-26 chicken embryos 
and were replaced by spinal cord segments from stage 
24-26 quail embryos. The chimeric embryos were then 
allowed to develop for 1-18 days, and the quail cells were 
visualized with quail-specific antibodies. Despite the ad- 
vanced stage of development of the donor and host em- 
bryos, the transplanted spinal cord was well integrated 
into the host. The host and donor spinal cord pieces fused 
together, with a gradual transition from host to donor tis- 
sue. The epidermis overlying the site of surgery healed, 
and in most cases, no obvious abnormalities were seen 
in cross-sections through the transplanted tissue. 
Several observations upport he idea that he migration 
of spinal cells into sensory ganglia occurs via the DRs. In 
all 11 of the 14 chimeric embryos examined 3 or more 
days after surgery in which the DRs had reattached to the 
transplanted spinal cord, there were quail cells in adjacent 
DRG (Table 2). In contrast, quail cells were never seen 
in the DRG in any of the 3 embryos with unattached roots. 
As with the experiments using Dil labeling, quail cells were 
not found within somitic tissue between the DRG nor were 
they seen at rostrocaudal levels away from the site of trans- 
plantation. 
More direct evidence for the role of DRs in cell migration 
came from the temporal sequence of appearance of quail 
cells in roots and ganglia. At 1 day after surgery, no DRs 
had reattached to the cord (Table 2). By the second day, 
roots had begun to attach and quail cells began to appear 
in them, but here were still virtually none in the DRG (Fig- 
ures 4A and 4B; Table 2). This difference in numbers of 
cells in DRs versus DRG is statistically significant (p = 
.001). Migrating cells accumulated in DRG only 3 or more 
days after surgery, and the number of these cells contin- 
ued to increase over time (Figures 4C and 4D; Table 2). 
This sequence is similar to that seen after Dil injections in 
the spinal cord, although it is somewhat delayed, probably 
because of the time necessary for the roots to reattach 
to the spinal cord after the transplantation. Together, these 
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Figure 3. Spatial Origin of Migrating Cells within the Spinal Cord 
Dil was injected at various locations within the central canal in either cultured spinal segments (A-D) or in ovo (E and F). Labeled cells were 
allowed to migrate for 24 hr before fixation. Arrows indicate the position of the DREZ in each section. 
(A and B) Injections of Dil restricted to the most dorsal aspects of the spinal cord, above the DREZ, did not label migrating cells. 
(C and D) Injections primarily at the level of the DREZ resulted in extensive labeling of cells migrating to the DRG. 
(E and F) Labeled cells below the level of the DREZ failed to migrate away from the spinal cord. Rectangles in phase contrast micrographs on
the right indicate the region shown in the corresponding fluorescence micrographs to the left. 
Bars, 50 p.m (A, C, and E); 100 p.m (B, D, and F). 
observations demonstrate that the DRs serve as the princi- 
pal pathway by which late-migrating spinal cord cells reach 
sensory ganglia. 
Fate of Late-Migrating Spinal Cord Cells 
in the Periphery 
The phenotype of late-migrating spinal cord cells was de- 
termined by al lowing chimeric embryos to develop until 
close to hatching. Even at late stages, many quail cells 
within the DRG were difficult to classify. Comparison of 
their nuclear sizes (as visualized with the QCPN antibody) 
to those of cells in normal quail DRG (data not shown) 
suggested they could be either neurons or satellite cells. 
The possibility that some of these quail cells were neurons 
was tested by staining alternate sections in chimeric em- 
bryos with a quail-specific neuronal marker (QN; Figures 
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Table 2. Chimeric Embryos 
Location of Cells ° 
Post-Op Embryos with Embryos with 
(days) n" Attached DRs" DR DRG Skin Cell Counts d 
Number of Reattaehed 
DRs e 
Number of Cells f
mean _ SD (range) 
DR DRG 
1 8 0 - - - 8 0 
2 8 8 + + - 5 13 
3 6 5 + (5) + (5) + (2) 4 11 
- (1 )  - (1 )  - (4 )  
4-18 8 ? + (5) + (6) + (7) 6 7 
- (3 )  - (2 )  - (1 )  
0 g 
54 - 59 
(0-217) 
29 +- 55 
(0-188) 
21 --. 25 
(0-76) 
0 g 
0.8 -+. 2.5 
(0-9) 
27 -+ 41 
(0-108) 
99 -.+ 158 
(2-442) 
a Number of embryos analyzed. 
b Number of embryos with attached DRs. 
° Parentheses in these columns indicate the number of embryos in which quail cells were present at that location: 
+ are cases in which the DRs reattached to the transplanted spinal cord. 
- are cases in which the DRs failed to reattach. 
d Number of embryos in which quail cells were counted in DRs and DRG. 
e Total number of roots attached to the transplanted region of spinal cord in all embryos in ~. 
f Quail cells were counted only where DRs had re-attached. 
No quail cells had migrated away from the transplanted spinal cord. 
Figure 4. Migration of Spinal Cord Cells in Chimeric Embryos 
The chimeras were fixed 2-7 days after surgery, and sections were stained with the quail-specific antibody Q(~PN. Quail cells in the DRs are 
indicated with arrows, and those in DRG are indicated with open arrowheads. The unstained cells in these sections are of chicken origin. 
(A and B) Transverse sections of spinal cord and DRG from two embryos 2 days after transplantation. When the DRs reattached to the spinal 
cord (as in these two cases), quail cells began to migrate into the DRs. Virtually no quail cells were present in DRG; none were present in the 
two cases shown. 
(C) After 3 days, quail cells began to appear in DRGs as well. The outline of the DR is shown with white lines. 
(D) By 7 days, cells continued to be present in the DRs, and an increasing number of these cells were located in the DRG. 
Bars, 100 izm. 
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Figure 5. Phenotypes of Late-Migrating Spinal Cord Cells in DRG 
(A and B) The neuronal phenotype of cells migrating from quail spinal cord into chicken host DRG was confirmed by staining alternate sections 
of chimeric embryos with QN, a quail-specific neuronal marker (A), and Q(~PN (B). Comparison of the two staining patterns shows that many of 
the late-migrating cells differentiate into sensory neurons that were well integrated into the host DRG. 
(C and D) Many sensory neurons had QN-positive axons coursing through the ganglion and associated DR (arrows). 
(E) Other quail cells (labeled with Q~;PN) had small nuclei (arrowheads) and were located adjacent to large neuronal somata. Based on these 
features, these cells are likely to be satellite cells. 
(C) shows the region enclosed by the rectangle in (D) at higher magnification, and (E) is a higher magnification of the section in (B). Bars, 50 ~m 
(A, B, and E); 25 ~.m (C); 100 ~m (D). 
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Figure 6. Late-Migrating Spinal Cord Cells Can AIso Differentiate into 
Melanocytes 
Two chimeric embryos (stage 45 and P0) are Shown in dorsal view 
illustrating the dark feather pigmentation characteristic of quail mela- 
nocytes in these unpigmented chicken hosts. Quail feathers were re- 
stricted to dorsal skin at brachial (A) and lumbar (13) levels, which were 
the sites of spinal cord transplantation i  these embryos. 
5A and 5B). In four of the five chimeric embryos fixed at 
late stages, host DRG contained neurons and axons of 
quail origin (Figures 5A, 5C, and 5D). Axons of quail origin 
could be traced to cutaneous targets in at least two of 
these embryos. These results provide direct evidence that 
late-migrating spinal cord cells can differentiate into sen- 
sory neurons. The other quail cells that could be identified 
within DRG in chimeric embryos were satellite cells. These 
cells had small nuclei and were located immediately adja- 
cent to large sensory neurons (Figure 5). 
Outside the DRG, late-migrating cells were seen in the 
skin dorsal to the site of spinal cord transplantation. In 
chimeric embryos fixed at earlier stages, these cells were 
identifiable on ly as scattered cells within the feather germs 
(data not shown). However, by stage 35, many of these 
cells differentiated into melanocytes, and quail pigmenta- 
tion was visible without staining in otherwise unpigmented 
chicken hosts. Feather germs in all six chimeric embryos 
fixed at stage 35-38 had quail pigmentation dorsal to the 
transplantation site. As shown in Figure 6, further develop- 
ment resulted in the formation of pigmented feathers. Like 
the feather germs, the patches of pigmented feathers were 
located dorsomedially above the site of the transplant. 
Quail cells migrated to the skin and feathers, even in chi- 
meric embryos in which the host DRs did not reattach 
to the transplanted spinal cord (Table 2). Their migratory 
pathway is therefore likely to be distinct from that of cells 
populating spinal ganglia, although the methods used in 
these experiments were not suitable to determine where 
this pathway is located. 
Discussion 
The major result from these experiments is the identifica- 
tion of a second wave of migration of neuroepithelial cells 
from the spinal cord into peripheral tissues. This wave 
occurs after emigration of neural crest cells from the neural 
tube is complete. These late-migrating cells differentiate 
into at least three different cell types previously considered 
to be exclusively of neural crest origin: sensory neurons 
and satellite cells in the spinal sensory ganglia and me- 
lanocytes in dorsal feather germs. Despite overlapping 
potentials for differentiation, neural crest cells and late- 
migrating spinal cord cells originate at different dorsoven- 
tral levels within the neural tube and spinal cord, respec- 
tively. Crest cells are derived from the most dorsal aspects 
of the neural tube and migrate away from the tube into 
somitic tissue. The late-migrating cells that populate the 
DRG, however, are recruited from neuroepithelial cells at 
the level of the DREZ, emigrate from the spinal cord 
through this region, and are restricted to the DRs during 
their migration. The presence of a second population of 
precursor cells with different spatiotemporal origins within 
the CNS but similar developmental fates in the periphery 
suggests a reexamination of the origin of these cell types. 
In the discussion that follows, we briefly reexamine earlier 
evidence for an exclusively neural crest origin of spinal 
ganglia and mention results in previous reports consistent 
with the contribution of late-migrating cells to peripheral 
structures. Finally, we discuss the possible origin of these 
cells vis-a-vis the current understanding of neural crest 
development and the emerging concept of a step-wise 
restriction in the developmental potential of precursor cells 
in the crest lineage. 
Precursors of Cells in Sensory Ganglia: 
A Reevaluation 
Migration of neural crest cells and their progeny has been 
studied using a number of experimental paradigms (Ra- 
ven, 1937; Detwiler and Kehoe, 1939; Hilber, 1943; Wes- 
ton, 1963; Le Douarin, 1973; Serbedzija et al., 1989; Frank 
and Sanes, 1991; Oakley et al., 1994). Relatively few of 
these studies distinguished between the neural crest and 
neural tube origin of the migrating cells. Some early stud- 
ies that did make this distinction suggested that spinal 
cord cells might contribute to the formation of DRG (Ra- 
ven, 1937; Detwiler and Kehoe, 1939; Hilber, 1943). These 
results were not considered in later reviews (Weston, 
1963; Le Douarin, 1986, 1993; Selleck et al., 1993), per- 
haps because they were discounted in a major earlier re- 
view by H0rstadius (1950). HSrstadius argued that DRGs 
are solely of neural crest origin because extirpation of the 
dorsal neural tube results in the absence of DRG. A conse- 
quence of the absence of early, neural crest-derived pre- 
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cursors of sensory neurons, however, is the absence of 
DRs. Because the late-migrating cells described in this 
report did not emigrate from the spinal cord unless DRs 
reattached, extirpation of neural crest may well lead to the 
failure of late-migrating cells to emigrate from the spinal 
cord. 
Development of the DRG continues after the emigration 
of neural crest cells is complete. Many dividing cells are 
seen in the ganglia between E6 and E9 (stages 29-36; 
Pannese, 1974). These cells are thought to be derived 
from neural crest cells that had migrated earlier but contin- 
ued to divide (Le Douarin, 1986). Some evidence suggests 
that the spinal cord may influence this later development 
of DRG. Kalcheim and Le Douarin (1986) found that when 
a barrier was placed between the spinal cord and DRG 
in stage 25 embryos, there was a 30% reduction in the 
size of the ganglia. They interpreted these results as evi- 
dence for a neurotrophic substance from the spinal cord 
that promoted further development of DRG. In light of the 
present results, the reduction in ganglion size may have 
been caused at least in part by the blockade of late mi- 
gration. 
Developmental Origin of Late-Migrating Spinal Cells 
The observation that late-migrating cells originate only at 
the level of the DREZ suggests there might be a subpopu- 
lation of specialized neuroepithelial cells with a restricted, 
migratory fate. Lineage studies of cells in the neural tube 
(Bronner-Fraser and Fraser, 1988, 1989) have shown that 
many neuroepithelial cells giving rise to neural crest cells 
also have progeny remaining within the spinal cord until 
at least stage 24. The late-migrating cells described in this 
report might be the progeny of those neuroepithelial cells 
that at earlier developmental stages generated neural 
crest cells. The different dorsoventral evels of origin of 
neural crest versus late-migrating cells argues against his 
interpretation, but it does not rule it out entirely. 
An alternative xplanation is that many neuroepithelial 
cells in the spinal cord are capable of migrating and differ- 
entiating into crest-like derivatives, but most remain con- 
fined within the spinal cord by the unavailability of a 
suitable substrate for movement. During neural crest emi- 
gration, the extracellular matrix around the dorsal neural 
tube is poorly formed and is permissive to cell migration 
(see review by E rickson and Pe rris, 1993). After emigration 
is complete, however, the entire spinal cord is surrounded 
by basal lamina that may restrict the escape of neuroepi- 
thelial cells. In fact, the formation of this lamina around 
the cord has been suggested as a possible reason for 
cessation of crest emigration (Newgreen and Erickson, 
1986). At later developmental stages, breaches in the 
basal lamina are found only at the entry points of the dorsal 
and ventral roots. Spinal cells have already been reported 
to exit via the ventral roots (Lunn et al., 1987), and the 
present results now show that they exit through the DRs 
as well. The restriction of migrating cells to the region of 
the DREZ, then, might be simply a consequence of the 
absence of basal lamina at this location. The observation 
that spinal cord cells migrate into DRG in chimeric em- 
bryos only when the DRs reattach to the transplanted cord 
supports this interpretation. 
If this interpretation were correct, undifferentiated neu- 
roepithelial cells anywhere within the neural tube might be 
capable of developing phenotypes characteristic of neural 
crest cells if they encountered the appropriate environ- 
ment. Scherson et al. (1993) have recently reported that 
when the dorsal half of a neural tube is removed during 
crest migratory stages, the remaining ventral half gives 
rise to cells that migrate into peripheral tissues and de- 
velop crest phenotypes. Perhaps, then, there is no distinct 
subpopulation of progenitors within the neural tube com- 
mitted to producing cells with these phenotypes. Such a 
view would be consistent with the idea that crest cell devel- 
opment proceeds by a progression of increasingly re- 
stricted cell fates. The first step in this process might be 
emigration from the neural tube or spinal cord. The pro- 
posal that dividing cells anywhere within the neural tube 
could potentially generate peripheral cells with various 
crest phenotypes can be tested by following the fate of 
cells transplanted from different locations within late-stage 
neural tubes into the migratory pathways of crest cells 




Chicken embryos 0Nhite Leghorn, SPAFAS) were staged according 
to Hamburger and Hamilton (1951). Dil (Molecular Probes) was pres- 
sure-injected into the spinal central canal in stage 25-26 embryos 
from a glass micropipette. A saturated stock solution ( -  10 mg/ml) of 
Dil in ethanol was suspended in Eagle's minimal essential medium 
(MEM) by sonication just before use (50 p.I Dil stock solution in 1 ml 
MEM). Injections were made at lower thoracic and lumbosacral levels 
(rl0-LS5), After injections, eggs were returned to the incubator (37°C, 
50% humidity). Embryos were perfused with 4% formaldehyde after 
an additional incubation of 0-24 hr and left for 5-12 hr in fixative. 
Transverse sections through the embryo were cut at 50-70 p.m with 
a Vibratome and mounted in Mowiol (Caibiochem). Injections at the 
different rostrocaudal levels (T10-LS5) gave comparable results. 
Chimeric Embryos 
Embryonic surgery was performed in a sterile hood. MEM supple- 
mented with penicillin and streptomycin (GIBCO) was dropped onto 
the embryos to keep them moist. Surgery was performed at various 
rostrocaudal levels; 30 chimeric embryos were suitable for detailed 
analysis (brachial, n = 5; lower thoracic, n = 5; lumbosacral, n = 
20). A longitudinal incision was made at the dorsal midline of a host 
chicken embryo (stage 25-26) using micro-knives, and a 2-3 segment 
length of spinal cord was freed from the surrounding tissue and re- 
moved. A quail spinal cord of the same stage was isolated in oxygen- 
ated Tyrode's olution, freed of adherent tissue, and transferred into 
the chicken host using a microliter pipette. Chimeric embryos were 
returned to the incubator and allowed to develop for an additional 
1-18 days. They were then perfused with 4% formaldehyde, postfixed 
for 12 hr in the same fixative, and equilibrated in30% sucrose. Trans- 
verse sections were cut at 10-16 I~m on a cryostat; alternate sections 
were collected on separate slides and stored at 4°C until immunohisto- 
chemical staining. No differences in migration of cells at different ros- 
trocaudal levels were noted. 
Immunohistochemistry 
Cryostat sections were incubated in blocking buffer (phosphate- 
buffered solution + 10% horse serum + 1% bovine serum albumin) for 
30 rain, undiluted primary antibody for 1-2 hr, and secondary antibody 
(fluorescein isothiocyanate-conjugated goat anti-mouse IgG from 
Cappel, Organon Teknika; 1:500 dilution) for t hr, all at room tempera- 
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ture. Sections were mounted in Mowiol and viewed with epifluores- 
cence optics. 
The quail-specific antibody Q(~PN (Developmental Hybridoma 
Bank) was used to identify quail cells in chimeric embryos. No cells 
in chicken embryos are Q~PN-positive, at least from stage 18 through 
postnatal day 0 (P0). QI~PN stains the perinuclear egion in all embry- 
onic quail cells except blood cells until at least stage 27 (information 
from Developmental Hybridoma Bank). After stage 36, cells in quail 
cartilage and bone are not stained by Q~PN. At stage 38 (E12), the 
intensity of staining in muscle nuclei becomes fainter, and by P0, 
staining of cells in the spinal cord also becomes faint. The majority 
of cells in quail DRG are Q~PN-positive through P0. 
Neuronal cells of quail origin were identified using a quail-specific 
neuronal marker, QN (kindly provided by Dr. H. Tanaka). This mono- 
clonal antibody does not stain any cells or axons in chicken embryos 
from at least stage 18 through P0. In quail embryos, neuronal cell 
bodies and their processes are well stained, as are axons in spinal 
white matter and peripheral nerves (see Tanaka et al., 1990). At stage 
38 (E12) many neuronal somata in quail DRG are strongly QN-positive, 
although not all DRG neurons are stained. Axonal staining, especially 
in the spinal cord, becomes fainter by stage 39 (E13), and ventral roots 
are not stained at this stage. 
Cultured Spinal Segments 
Spinal segment cultures were prepared as described previously 
(Sharma et al., 1994). In brief, segments of spinal cord (500-800 ~m 
in length) from LS 1-3 were dissected together with surrounding so- 
mites and embedded in 2% low melting point agarose (Sea Prep, 
FMC). The embedded segments were cultured in serum-free medium 
(MEM with N2 supplement; GIBCO) saturated with 950/0 02/5% CO2 
at 37°C. Migrating spinal cord cells were labeled by injecting the seg- 
ments with Dil (see above) before culturing. In these segments, the 
injection site could be precisely controlled along the dorsoventral axis. 
After culturing for 12-24 hr, the segments were fixed in 4% formalde- 
hyde, embedded in 19% gelatin, and cut on a Vibratome at 50-70 p.m. 
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